
: 0 CiIII [ILL copy (1. .

00
o OFFICE OF NAVAL RESEARCH

0
Contract N00014-83-K-0470-P00003

R&T Code NR 33359-718

Technical Report No. 124

The Behavior of Microdisk and Microring Electrodes.
Chronopotentiometry and Linear Sweep Amperometry at a Microdisk Electrode

by

L.M. Abrantes, M. Fleischmann, LJ. L M. Hawkins, J.W. Pons, J. Dashbach
and S. Pons

Prepared for publication in J. Electroanal. Chem.

Department of Chemistry D T IC
University of Utah

Salt Lake City, UT 84112 ELECTE
NOV 1 4 1988

July 15, 1988 SU

Reproduction in whole, or in part, is permitted for
any purpose of the United States Government

61- -O~ oN STATM1 A

;Ap .ravl,., .. y,IA- o7 m;



REPORT DOCUMENTATION PAGE
4a. RE NT SECURITY CASIP"IO lb RESTRICTIVE MARKING$

20, ECURTY LASSFICAIONAUTWIY3. OISTRIIUTIONIAVAILASILITV OF REPOirT

2b. DECLASSiPICATiONOOwNGRAO~tNG SCHEDULE Approved for public release and sale.
Distribution unlimited.

epr .!fjUBRS S. MONITORING ORGANIZATION REPORT NUM$ER(SI

Go. NAME OF PERFORMING ORGANIZATION 6a OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION

University of Utah (fpbu

6L. ADDRESS (alp. Stae. &WE Z#P Cc*) 7b ADDRESS (ftw, Stat.. mW ZIP Co*e)

Department of Chemistry
Henry Eyring Building

6111. lM OPUDIISPONSORING 8b. OFFICE SYMBOL S. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGA"InO A90a")N000144-3-0470.P00003

IL. ADMRESS(Ol). Staft a ZIP Cafe) 10 SOURCE OF FUNDING N4UMBERS
Chemistry Program, Code 1113 PROGRAM IPROJECT ITASK WRK UNIT
800 N. Quincy Street EMNTO 1 0 N.VSION
Arlinaton, VA 22217 II
1 hLL~IuSO~ M~uAj Microring Electrodes. Crnopotentiomneft and Linear Sweep Amperometiy at

a Microdisk Electrode

~ Li. Li, M. Hawins, J.W. Pons, J. Dashbach

138. TYPE OF REPORT 13b. TIME CO 78 4 DT/1" T 9 o't.Dy Pp2ON
Technical PROM TO / 14DTO 4 j5 MnttDv SPA4uN

16. SUPPLEMENTARY NOTATION

17 COSATI CODES 18 SUBjECT TERMS (Continue On reverse if riecenalry and identify by block 'e

-FIELD GROUP SuB-GROuP microelecrodes, maw transport

119 ABSTRACT (Continue on reverse of mocei$,y and identify by block number)

Attached.

20 :)ISTRISLTION1AVAlLA8L:Ty OP ABSTRACT 21 ABSTRACT SEC ,R -Y CLASSF-CAriON
E) UNCLASSIF'EDnUNLMAITED E3 SAME AS RP C] ,),C USERS Unclassified

22a NAME OF RESPONSiBLE NOiVIOLJAL 221, TELEPwO NE(Incluae Are&CodtJ) :F:Z.Ci ~
S...diey Pons ((1846

DD FORM 1473,.84 NAAR 83 APR ea t-om may oea $@ 4t, emnaw~steo SEC.JRlTy CLASS,;CA' 0% -

Ail other eattos are oosoltt



Abstract

In this paper, we discuss the forms of

controlled current experiments at finite dii

experimental results obtained at disk micro*

fast mass transport conditions and low char l

transitions at suitably high values of the I

chronopotentiometry experiments, and always

flux experiments.
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Chronopotentionstry (1) has not been a videly used electroanalytical

technique due to the severe distortion of the predicted shape of the response

due to capacitative charging of the electrode. While the magnitude of the

total current applied to the electrode can be controlled, the fraction of the

total current driving the faradaic reaction is time dependent. As the

electrode potential changes as the logarithm of the ratio of the surface

activities of the redox couple, so must the the magnitude of the capacitative

charging current. This current depends on the rate of potential change

according to C a(dE t), where C is the double layer differential

capacitance. When the reactant surface concentration approaches zero (the

transition time), the rate of change of potential is high, and the distortion,

of the predicted shape tends to increase. The time to the transition is

important in electrochemical analysis and we find that it can therefore not be

measured easily with a high degree of accuracy. Elaborate instrumentation has

been designed to offset the capacitative current; these include feedback

compensation circuits (2)"and the use of blank cells (3).

4Xt is well known that one of the major advantages of microelectrodes (4)

is the reduced magnitude of the capacitative component of the current (which

varies as the area of the electrode) with respect to the faradaic component

(which usually varies as a one dimensional characteristic length of the

electrode, such as the radius of a disk). These devices should therefore be

ideally suited to galvanostatic measureents-Aoki at al (5) have presented

an approximate expression for the response at isk electrodes which is based

only on a constant surface concentration mod4l whereas a constant flux model

is probably more applicable (6) to microelectrodes; the exact solution lying
f

somewhere in between these two limiting m~dels. In any case, the results for

both cases are similar. .,
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In our work (6), we reported the exact integrals of the time dependent

diffusion equations describing mass transport to disk electrodes of finite

size. The result follows from a general analysis based on the properties of

discontinuous Integrals of Bessel functions. The method has been used to

solve a variety of problems in heat conduction (7) as well as electrochemistry

(4,8-11). In this paper we describe the form of the chronopotentiogram for

constant imposed flux conditions, and the analogous response to a linearly

swept current experiment.

xperimental

The Instrumentation consisted of a low-noise galvanostat built in these

laboratories, and a Hi-Tek Instruments model P111 waveform generator. The

working electrode was tied to ground through a resistor, and the potential of

the working electrode was measured with respect to the reference with a high

impedance differential amplifier. The output was measured with an x-y

plotter, or with a Lecroy model 9400 digitizing oscilloscope. The

electrochemical cell consisted of a large platinum wire secondary electrode

palladium sheet reference electrode, and a disk microelectrode. The cell was

purged with nitrogen before measurements. The entire cell assembly was

rigidly mounted inside an aluminum Faraday cage (to reduce capacitatively

coupled noise) which contained triaxial bulkhead connectors for feeding

through the instrumentation cables.

The disk microelectrodes were prepared by heat sealing the appropriate

fine wires into glass tubes. The disks were polished with fine alumina (0.3

and 0.05jm particle diameters, Baikalox International) rinsed thoroughly, and

sonicated briefly before use. Several disk sizes from 1.0 to 25.0m were used

in the experiments.

Aqueous solutions were prepared using analytical grade reagents in 18MO



lanopure water. Potassium ferrocyanido (Nallinckrodt), potassium ferricyanide,

potassium chloride, and potassium nitrate (J. T. Baker) were used as received.

The ferri- and ferrocyanide were present in equimolar concentrations in 0. lii

potassium nitrate. Ruthenium(III) hexammine chloride was prepared and

purified from the chloride by standard procedures.

In the linear sweep amperometry experiments, the sweep rate was varied up

to 50pA a'; the starting value was varied from -lOnA to OnA, and the ending

value was varied from -lOnA to +10nA.

Discussion

For a simple electrochemical experiment involving a single reactant, we

have solved the tins dependent diffusion equation

Le. "A8C +DC + 82 c

at Or2  r Or 8z 2

in circular cylindrical coordinates (6). Here C is the concentration of the

reactant, and r is the radial distance coordinate measured from the center of

the disk electrode which is imbedded in the insulating plane at z - 0. The

general initial condition is

r > 0, z > O, t -0, C - C (2]

where C a is the bulk concentration. For the chronopotentiometry case, we take

a constant uniform flux -Q (mols c'2 s 1) over the surface at all times t > 0.

The boundary conditions at the surface of the electrode are then
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racl

r > a,: -0, t >0, D - 0, [3

from which we derived the integral for Equation [1)

- Ce- D! Jo J (er)J (aa)erf(D 11 "
2  ) [41

We found that the average surface concentration is

With the substitutions

1 Dt(6]

z - Dt:[6

we can vrite [5] in the more useful dimensionless form

C-- C'o-D ;2Qa.1 Palerr(P)d

. .2Qa [Dtjis)

The function * has been tabulated (6) as a function of the dimensionless1



parameter (Dt/a), but is readily evaluated by appropriate numerical

integration techniques (excellent accuracy is obtained using a modified

Surllrsch-Stoer method (12)).

At long times and sufficiently small values of the flux, a transition

time is not observed, and we have the steady state condition (6)

Ce+ -' . [9]

If Q Is sufficiently large ve observe a sharp transition as the surface

concentration of the reactant approaches zero, and ve have the result

De a Ao0

fQ D -t
IL -Z)(10]

from which we can calculate the transition time.

The requirement on 2Qa/DCo for steady state conditions has been shown (6)

to be

2QCa , - 2.35619 [11.]

DC!*

For the case of simple Butler-Volmer kinetics and for equal concentrations of

both the oxidized and reduced forms of the redox couple
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- 2qI 1(!Z- .@IY-:F) + [ 2%Q] rx['1C- F 1121F'
F LL DC )J RT J DC I t J

whore we use the average concentration, Equation [8]. We obtain an expression

113] from which the polarization plots say be determined:

fq, "a (t J r2L)4  I (1e),F)
+ 1N [21 1exI IT + amp1  T

. DCe aj

- exp -exp[ ((RTF~[3

The applicability of the use of the average surface concentration for

microelectrode experiments has been discussed in detail (6). This expression

shows that the transients are a function of a, FQ/i and 2Qa/DC. It is clear

that the parameter FQ/i determines the reversibility of the reaction, while

2Qa/DCO controls the ratio of the imposed reaction rate Q to the mass transfer

rate. Figures 1-3 show the shapes of the chronopotentiograms as a function of

the dimensionless time variable Dt/a and the parameters Ft/i and 2Qa/DCO.

The roots to Equation [13] were obtained by Brent's method (12). We point out

once more that for low values of the mass transport parameter, Equation [11],

there is no transition (Figures 1-3). This is due to the fast approach to

steady state diffusion at small disk electrodes. It is therefore probable

that constant current experiments are not particularly useful for analytical

applications, since it will be difficult to choose an appropriate flux for

observation of a transition time. A simple linearly swept current of the form
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Q(t) - 7t (14]

however, vill always give rise to a transition since as Q increases, 2Qa/DCm

mist eventually exceed 3w/4. By a similar analysis (6) we have found the

relation, for the Butler Volmer kinetic modal (Equation (121)

Ft+ 4t t.r f.[iLFj+ exp (l-a)uFI

where 3 is given by

I [Jl!)][f y err (y) [16]M

0

which also has been tabulated (6) and can be evaluated similarly to 0
1

The roots to Equation [15] were again found by Brent's method (12). In this

case, we see that 7t is not independent of the dimensionless time variable

Dt/a . We have, however,

4ta3 [171

DC" D w a 

and
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L DL

0 a

We have therefore evaluated the overpotential q as a function of the variable

Dt/a' and of the parameters Fya2/i and 4ya5/ DC. The results are presented

in Figures 4-6, which are for fast, intermediate, end slow rates of reaction,

respectively. Unlike the constant current results shown in Figures 1-3, a

transition is always observed.

Figure 7 shows the sharp transition that is observed in a typical

experiment. The response here is for a linear sweep amperometry experiment at

a platinum disk Lcroelectrode. The current was initiated at a large negative '

value, and swept towards positive values. This result is in contrast to the

poorly resolved transitions obtained with electrodes of conventional size

where there are large capacitative effects.

Figures 8-9 are responses for linearly swept current experiments in which

the initial current was zero; these experiments can be therefore be analyzed

directly by Equation [15]. The size of the disk electrode was determined by

measuring the diameter of the wire before mounting in its holder, by optical

microscopy, and by measuring the limiting currents in standard redox

solutions. These methods gave results that agreed to within 40. The

2responses were made dimensionless and plotted vs. Dt/a , and appear in Figures

8 and 9 along with the closest fit theoretical plot. The data was converted

by noting that

Q(t) - 7t- (t)/F - i(t)/AF [19)

where A is the surface area of the disk, and I(t) the imposed current density
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at time t. If v is the current sweep rate (A/s). then Equations [17] and 118]

can written in the form

4-yt -y t 4&,&a3  t 4y (20]

D e hae ssea vau fo th dffsin o fceto6.x

for both redox species, and a value of the exchange current density i of 9.0
0

mA/cm for the equimolar lnK solution.The parameters were then used to

calculate the theoretical responses shown as the solid lines in Figures 8 and

9. For a fixed sweep rate, the increase in the current density with decrease

of electrode size leads to an increasingly rapid transition. For the smallest

electrode used (1pm diameter) the transition (when using the same current

sweep rate Y as for the other electrodes) was very rapid as expected, but

analysis was not possible due to the finite response times of the potential

measuring equipment.

The potential-time response for platinum microelectrodes under other

imposed flux conditions is shown in Figure 10. In these experiments, the

current sweep was initiated at negative values, and the responses are

therefore not predicted directly by the above analysis. The qualitatively

expected behavior, however, is clearly evident in the Figures. At the larger

(25pm) electrodes steady state diffusion is not developed rapidly. For a

given value of the initial applied flux and sweep rate one therefore expects
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the transition to positive potentials to be delayed by the non-steady state

diffusion of the two redox species. The oxidation of the excess ferrocyanide

(generated by the initial negative flux) clearly inhibits the time to

transition to positive potentials, Figure lOa; in fact we sea that the

potential is substantially negative when the imposed flux is zero. The effect

is considerably reduced at the 10lm electrode, and is not discernible at the

1gm electrodes, Figures 10b and c, at which the mass transport rates are

significantly enhanced.

The use of disk microelectrodes of suitable radii in galvanostatic

experiments therefore appears to yield very predictable and diagnostic

analytical results. The sharp transitions observed in linear swoep

amperomtry experiments assures accurate measurement of the transition times

and potentials. The use of more complex current sweep programs has other

advantages in the study of coupled chemical reactions, and will be the subject

of a further report shortly.
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Glossary of Symbols Used

a Radius of disk, cm

A Electrode area, cIO

C Concentration, mols cm-3

C=  Bulk concentration, mols cm"

CAV Average concentration. mols cam-

C a Double layer capacitance. C/cu2

D Diffusion coefficient, ca s
1

9 Electrode potential, V

F Faraday constant, 96485 C equivalent'

L(t) Current at time t, A

I(t) Current density at time t, A ca-

L 0 Exchange current density, A ca-

J,J Bessel functions

Q Flux, mols cm' 1 "

-2 -1Q(t) Flux at time t, mols cm s

R Gas constant, 8.314 J mols "1C1

r Radial coordinate, cm

t Time, s

T Temperature, K

y Dummy integration variable.

z Coordinate normal to plane of disk, cm

a Transfer coefficient (when in exponent)

a Continuous dummy integration variable.

Parameter al
- 2 -2

Flux sweep rate, mols cm 
s

I (Dt) 1 2
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Overpotential, V

Current sweep rate, A a-1

O 1 
[j f
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1. Chronopotentiograms as predicted by Equation 13 for totally reversible

electrode kinetics (i a, FQ/i- 0) as a function of the mass transport

42parameter 2Qa/DC and the dimensionless time variable Dt/a

2. As Figure 1 except for intermediate values of the kinetic parameter

(FQ/L- 1.0, quasi-reversible reaction).

3. As Figure 1 except for large values of the kinetic parameter (FQ/i- 100.0

-irreversible reaction).

4. Linear sweep amperometry response as as predicted by Equation 15 for

reversible electrode kinetics (jam a, Fa a/Dia- 0) as a function of the
3 2@

mass transport parameter 4ya 3/D Ce and the dimensionless time variable

Dt/a.

5. As Figure 3 except for intermediate values of the kinetic parameter

(FaI/Di- 1.0, quasi reversible kinetics).

6. As Figure 3 except for large values of the kinetic parameter

(F-aa/Di- 100.0, irreversible kinetics).
0

7. Example of linear sweep amperometry. 9.0m diameter gold disk

microelectrode, solution 3.5M Ru(NH) 3+ in 0.114 KCl. Sweep rate was

625pA s initiated from -1.0nA.
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-3
B. Linear sweep amprometry of lM each Fe(II)(CN) *iFe(III)(CN) 6 in 0.1K

M$ at a 2 5 .Opm diameter platinum microelectrode. Circles are

experimental data, and the line is the calculated response using the

indicated parameters. Current sweep rate v was 5OpA a " 1 Sweep initiated

at 0.O0pA.

9. Same an Figure 8, except at 10.0#u (open circles) and 1.OM diameter

(marked circles) electrodes.

10. Sam as Figure 8 and 9 except sweep initiated at -lOnA.

25ps diameter disk

I-O/m diameter disk

-1lpm diameter disk
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